Members of the Closteroviridae and Potyviridae families of the plant positive-strand RNA viruses encode one or two papain-like leader proteinases. In addition to a C-terminal proteolytic domain, each of these proteinases possesses a nonproteolytic N-terminal domain. We compared functions of the several leader proteinases using a gene swapping approach. The leader proteinase (L-Pro) of Beet yellows virus (BYV; a closterovirus) was replaced with L1 or L2 proteinases of Citrus tristeza virus (CTV; another closterovirus), P-Pro proteinase of Lettuce infectious yellows virus (LIYV; a crinivirus), and HC-Pro proteinase of Tobacco etch virus (a potyvirus). Each foreign proteinase efficiently processed the chimeric BYV polyprotein in vitro. However, only L1 and P-Pro, not L2 and HC-Pro, were able to rescue the amplification of the chimeric BYV variants. The combined expression of L1 and L2 resulted in an increased RNA accumulation compared to that of the parental BYV. Remarkably, this L1-L2 chimera exhibited reduced invasiveness and inability to move from cell to cell. Similar analyses of the BYV hybrids, in which only the papain-like domain of L-Pro was replaced with those derived from L1, L2, P-Pro, and HC-Pro, also revealed functional specialization of these domains. In subcellularlocalization experiments, distinct patterns were observed for the leader proteinases of BYV, CTV, and LIYV. Taken together, these results demonstrated that, in addition to a common proteolytic activity, the leader proteinases of closteroviruses possess specialized functions in virus RNA amplification, virus invasion, and cell-to-cell movement. The phylogenetic analysis suggested that functionally distinct L1 and L2 of CTV originated by a gene duplication event.
Papain-like cysteine proteinases of the positive-strand RNA viruses are multifunctional proteins involved not only in polyprotein processing but also in genome amplification, virus pathogenicity and spread in the infected organism, and suppression of host defenses (13-15, 26, 31, 39, 40, 44) . Two major classes of the viral papain-like proteinases include "main" proteinases, which are required for the processing of nonstructural polyproteins and RNA replication (3, 13, 18, 39) and "accessory" or "leader" proteinases, which are typically responsible for a single autocatalytic cleavage at their C termini (1, 4, 5, 8, 9, 13, 14, 31, 44) . Representatives of the each of these classes are found among diverse taxa of positive-strand RNA viruses infecting plants, animals, and fungi.
Closteroviridae and Potyviridae are two large families of plant viruses that share the filamentous morphology of the virions but belong to evolutionarily distant lineages of the positivestrand RNA viruses, the Sindbis virus-like supergroup and the picornavirus-like supergroup, respectively (26) . An ϳ10-kb genome of a typical potyvirus codes for a single polyprotein, which is processed by the three proteinases (35) . One of these is a helper component-proteinase (HC-Pro), a leader proteinase that is also required for efficient genome amplification, suppression of RNA silencing, virus transport inside infected plants, and aphid transmission (6, 29) . The papain-like, proteolytically active domain of the HC-Pro is located in its Cterminal region (4) , whereas the large N-terminal domain is implicated in all additional functions of HC-Pro (21) (22) (23) 29) .
The 15-to 20-kb genomes of closteroviruses are among the largest and most complex of all the genomes of viruses infecting plants (11, 19) . Two currently recognized genera of the family Closteroviridae are Closterovirus and Crinivirus, with Beet yellows virus (BYV) and Lettuce infectious yellows virus (LIYV) as the prototype members, respectively. Although the gene content varies from one virus to another, all closteroviruses share the strategy of gene expression. 5Ј-terminal open reading frame 1 (ORF 1; see Fig. 1 ) encodes a large polyprotein that functions in genome amplification (25, 33, 36) . The N-terminal part of this polyprotein encompasses the leader proteinase (1), which is traditionally abbreviated L-Pro, in BYV (33) and P-Pro in LIYV (24) . Some closteroviruses, such as Citrus tristeza virus (CTV), possess two tandemly organized leader proteinases, designated L1 and L2 (20) . The 3Ј-terminal part of the closterovirus genome harbors from 7 to 10 ORFs, which are expressed via formation of a set of 3Ј-coterminal subgenomic mRNAs (sgRNAs) (16, 30) . In LIYV and other members of the Crinivirus genus, the genome is split between two RNAs; RNA 1 encodes P-Pro and replicase, whereas RNA 2 specifies most of the LIYV sgRNAs (24) . It was demonstrated that the release of the BYV L-Pro from the polyprotein is mediated by the autocatalytic, papain-like domain (1, 33) . This release is essential for genome replication. The N-terminal, nonproteolytic domain of L-Pro is required for efficient accu-mulation of BYV RNAs; its elimination results in an ϳ1,000-fold reduction in the RNA levels (32) .
In this study we conducted comparative analyses of the leader proteinases of plant viruses using a gene swapping approach and computer-assisted phylogenetic reconstructions. Our results indicate that the nonconserved N-terminal domains of the leader proteinases provide several distinct functions, which may vary from one proteinase to another. Moreover, conserved papain-like domains of the leader proteinases also exhibited an unexpected degree of functional specialization. In addition to being involved in autocatalytic processing, these domains were implicated in activation of genome amplification, virus invasion, and virus movement from cell to cell.
MATERIALS AND METHODS
Generation of the chimeric BYV variants. To generate a cassette for replacing the BYV L-Pro-coding region with regions encoding foreign leader proteinases, two restriction endonuclease sites were engineered into pBYV-GUS-p21 (16) (see Fig. 1 ). One of these sites, a SacII site, was introduced as mutation A2, described earlier (32) . The second site, an SphI site, was engineered downstream from the two glycine codons that specify a scissile dipeptide using oligonucleotide primer GG-Sph (5Ј-CGT.TTC.ATC.GGC-GGC.ATG.CAA.GAA.GAA.GCT.C CT.G; dots separate codons; a hyphen separates two glycine codons; the SphI site is in boldface). This modification resulted in replacement of valine and glutamic acid codons with methionine and glutamine codons, respectively. The regions encoding tobacco etch virus (TEV) proteinase HC-Pro, CTV proteinases L1 and L2, a combination of L1 and L2, and LIYV proteinase P-Pro were amplified by PCR using biologically active cDNA clones of TEV (10), CTV (36) , and LIYV (25) as templates. The SacII and SphI sites flanking the resulting cDNA fragments were introduced concomitant with PCR and used to clone these fragments into mini-BYV (Fig. 1) . The chimeric leader proteinases shown in Fig. 2 possessed authentic N-terminal domains of BYV L-Pro (encoded by the sequence up to nucleotide [nt] 1443) and papain-like proteinase domains derived from TEV (encoded by nt 1957 to 2436), CTV L1 (encoded by nt 1114 to 1563) and L2 (encoded by nt 2593 to 3039), and LIYV (encoded by nt 956 to 1336). The engineering of the corresponding chimeric variants of mini-BYV was done as described above, except that the SacII site corresponded to mutation A12 rather than A2 (32) . The four chimeric BYV variants shown in Table 3 were subcloned into pBYV-GFP, the BYV variant tagged via insertion of the green fluorescent protein (GFP) gene (34) . To this end, the NheI-EagI fragment of pBYV-GFP was replaced with corresponding chimeric cDNA fragments derived from mini-BYV variants.
Analysis of the mutant phenotypes in vitro and in vivo. The plasmids containing cloned BYV cDNAs were linearized using XbaI (for in vitro analysis) or SmaI (for in vivo experiments) and transcribed using SP6 RNA polymerase (33) . To assess the proteolytic activity of the leader proteinases, the resulting capped-RNA transcripts were translated using wheat germ extracts (Promega) and [ 35 S]methionine (Amersham/Pharmacia Biotech) according to the manufacturer's protocol. After 1 h of incubation at 25°C, the labeled translation products were separated by polyacrylamide gel electrophoresis, and the radioactivity in the bands corresponding to processed and unprocessed products was quantified using a PhosphorImager (Molecular Dynamics) and the ImageQuant, version 5, software package. This radioactivity was normalized to the number of methionine residues present in each product and used to calculate the efficiency of proteolysis as described previously (33) . The results represent means and standard deviations from four independent reactions. The mini-BYV variants were further characterized using protoplasts isolated from a suspension culture of Nicotiana tabacum cells (12) or from the leaves of Nicotiana benthamiana (36) . Protoplasts were harvested at 4 days posttransfection and used to measure the ␤-glucuronidase (GUS) activity (10) . Each recombinant variant was characterized in four independent transfections. The pBYV-GFP-based variants were manually inoculated to leaves of Claytonia perfoliata or N. benthamiana, and the number and diameter of the resulting fluorescent infection foci were determined at 8 days postinoculation (34) . At least four independent inoculation experiments, each involving six leaves, were conducted for each variant. The total numbers of infection foci counted were ϳ300 for the parental BYV-GFP and ϳ20 for the chimeric viruses.
Subcellular localization of the leader proteinases. The expression cassette encompassing the duplicated cauliflower mosaic virus 35S promoter, the TEV leader, the poly(A) signal (5) , and the coding sequence for GFP was cloned into binary vector pCB302 (42) . The genes encoding GUS, L-Pro, L1 and L2, and P-Pro were amplified by PCR using the full-length cDNA clones of TEV-GUS (10), BYV (34), CTV (36) , and LIYV (25) , respectively, with the concomitant addition of the AvrII and XbaI sites into their 5Ј-and 3Ј-terminal regions. The translation stop codons were introduced into amplified genes upstream from the XbaI sites. The modified genes were cloned downstream from the GFP gene using the AvrII and XbaI sites. The resulting plasmids were transformed into Agrobacterium tumefaciens strain EHA 105, and used for transient protein expression via infiltration of the bacteria to the leaves of N. benthamiana (28) . GFP fluorescence was detected at 2 days postinfiltration using a confocal laser scanning microscope (Leica; TCS 4D). For GFP imaging, a 488/568-nm excitation beam generated by a krypton-argon laser was used with an RSP580 beam splitter and BP-fluorescein isothiocyanate emission filter.
Phylogenetic analysis. The multiple alignments of amino acid sequences were generated using the Macaw program (37) . The Gibbs sampler option of Macaw was used to detect the blocks with highest sequence similarity. The Phylip package (J. Felsenstein, PHYLIP, Phylogeny Inference Package, version 3.5c, Department of Genetics, University of Washington, Seattle, 1993) was used for construction of the phylogenetic trees. One hundred bootstrap replicates were obtained using the SEQBOOT program; the trees were built using the neighborjoining algorithm (NEIGHBOR program) or maximum-likelihood algorithm (KITSCH program).
RESULTS
To facilitate the generation and characterization of interviral hybrids, we used a cDNA clone of a mini-BYV variant that was tagged by insertion of the bacterial GUS gene (16) . This reporter gene replaced six BYV ORFs that are nonessential for the genome amplification ( Fig. 1 ) and provided a convenient and sensitive marker for quantification of the amplification and expression of the viral genome. It was demonstrated that accumulation of the GUS activity strictly correlates with accumulation of the viral RNAs (32) .
Replacement of the BYV L-Pro with heterologous leader proteinases. Each of the cDNA fragments encoding the foreign proteinase replaced almost the entire BYV L-Pro-coding region (Fig. 1) . The 70-codon part of this region designated S1 was retained because it contains an RNA element that is crucial for BYV RNA amplification (32) . Hence, each of the foreign leader proteinases expressed by chimeric BYV variants possessed an N-terminal extension. Two artificial restriction endonuclease sites were introduced immediately downstream from the S1 region and from the last L-Pro codon to accommodate the foreign inserts (see Materials and Methods). The possible effect of corresponding mutations on the amplification and expression of the BYV genome was assessed using transfection of the corresponding RNA transcript into tobacco protoplasts. It was found that the resulting double mutant amplified to a level similar to that of the parental BYV variant (data not shown).
In addition to replacing the BYV L-Pro with the CTV L1 or L2, the LIYV P-Pro, or the TEV HC-Pro, we engineered a mini-BYV variant containing both of the CTV proteinases to mimic the tandem organization of the L1-L2 region of the CTV polyprotein (Fig. 1) . The processing of chimeric polyproteins was examined in the in vitro translation system. As in previous studies (1, 33) , the authentic BYV L-Pro was able to process ϳ70% of the translation product after 1 h of incubation in the cell-free system. In contrast, the processing of the chimeric translation products by the CTV L1 and L2 and the TEV HC-Pro was essentially complete. For LIYV P-Pro, pro-cessing efficiency was somewhat lower than that for the parental BYV variant (Fig. 1) .
The genome amplification of the chimeric mini-BYV variants was examined using transfection of two types of protoplasts: suspension culture protoplasts derived from N. tabacum and N. benthamiana leaf protoplasts. Replacement of the BYV L-Pro with each of the CTV leader proteinases resulted in two conspicuously distinct phenotypes. L1 was able to partially replace the L-Pro function in genome amplification, whereas L2 failed to do so (Table 1) . However, the replacement hybrid expressing the combination of L1 and L2 reproduced more efficiently than one expressing L1 only. In N. benthamiana protoplasts, this L1-L2 variant reproducibly outperformed the parental BYV variant expressing the authentic L-Pro.
The functional profile of the replacement chimera harboring LIYV P-Pro resembled that of L1: P-Pro supported the amplification of the chimeric genome much more efficiently in N. benthamiana protoplasts than in N. tabacum protoplasts (Table  1) . In contrast, the TEV HC-Pro was unable to functionally substitute for the BYV L-Pro in either of the protoplast systems. These results revealed a high degree of functional specialization of the closterovirus leader proteinases and indicated that CTV L1 and LIYV P-Pro, but not CTV L2 or TEV HC-Pro, can provide functions required for the efficient amplification of the chimeric mini-BYV genome. The strikingly better performance of all three viable replacement variants in N. benthamiana protoplasts than in N. tabacum protoplasts suggested that the function of leader proteinases is affected by species-specific host factors.
Functional specialization of the papain-like proteolytic domains. To determine if the sole function of the papain-like domains of the closteroviral and potyviral leader proteinases is autoprocessing, we engineered a series of chimeric viruses in which only the C-terminal proteinase domain of L-Pro was replaced with the homologous domains derived from L1, L2, P-Pro, and HC-Pro (Fig. 2) . If autoprocessing is the sole function, the papain-like domains of different viruses would be functionally equivalent to each other. In vitro assays revealed that the proteolytic activities of the chimeric proteinases harboring papain-like domains of L1 and P-Pro were not significantly different from that of the parental variant (Fig. 2) . The activity of the L2 chimera was somewhat lower, whereas the TEV proteinase domain processed ϳ100% of the polyprotein. The in vivo experiments indicated that only the CTV proteinase domains derived from L1 and L2 were capable of supporting limited genome amplification of the corresponding chimeric variants ( Table 2) . None of the variants that harbored LIYV or TEV proteinase domains were viable. Comparison of the data in Fig. 2 and Table 2 reveals no apparent correlation between the levels of proteolytic activity and genome amplification of the chimeric variants. It should be emphasized that, unlike what was found for chimeras expressing the full-size L1, L2, P-Pro, and HC-Pro, reproduction of those expressing only the corresponding proteinase domains did not depend on the source of protoplasts (compare Tables 1 and 2 ). It can be concluded that, in addition to proteolytic processing, the homologous, papain-like proteolytic domains of the closterovirus leader proteinases have additional specialized functions required for efficient genome amplification.
Invasiveness and cell-to-cell movement of the hybrid viruses. To examine the phenotypes of the chimeric viruses in intact plants, we employed the BYV variant tagged via insertion of the reporter gene encoding GFP (BYV-GFP). A subset of viable chimeric variants that accumulated in N. benthamiana
protoplasts to the levels of 14 to 185% of the wild-type level (Tables 2 and 3 ) was engineered into BYV-GFP. Other variants were not included in this analysis, because the very low (Ͻ3%) levels of their amplification would not allow confident identification of infected cells by observation of the GFP fluorescence. The corresponding RNA transcripts were mechanically inoculated to the leaves of C. perfoliata. The multicellular infection foci formed by BYV-GFP can be easily detected and measured using the fluorescence microscope. At 8 days postinoculation, the parental virus produced on average 12 infection foci per leaf; the mean diameter of the foci was ϳ4 cells (Table 3 ). In contrast, numbers of the infection foci produced by the chimeric variants were reduced by factors of from 14 to 25. Moreover, all of these foci were unicellular (Table 3) . Importantly, a similar phenotype of infection was observed when only the proteinase domain of L-Pro was replaced with that of CTV L1.
Although C. perfoliata is susceptible to infection by BYV via local lesions, it is not a reported host for CTV or LIYV. Because of that, this plant species could impose host-specific constraints on the functions of CTV and LIYV proteinases. To determine if the invasiveness and intercellular translocation of the chimeric viruses can be improved in a more permissive host, we inoculated leaves of N. benthamiana with a BYV-GFP variant expressing CTV L1 and L2. As shown above, the leaf protoplasts derived from this plant species supported very efficient amplification of the L1-L2 chimera (Table 1 ). In accord with the earlier work (34), the average number of infection foci found on N. benthamiana leaves was much less than that on the C. perfoliata leaves. The parental BYV-GFP and its L1-L2 replacement chimera produced 0.94 Ϯ 0.3 and 0.83 Ϯ 0.2 foci per leaf, respectively. The mean diameters of the infection foci were 4.3 Ϯ 2.1 cells for BYV-GFP and 1 cell for the L1-L2 chimera. Thus, the specific infectivity (invasiveness), but not the cell-to-cell movement, of the L1-L2 chimera was improved in N. benthamiana compared to C. perfoliata.
Taken together, these results clearly indicated that the replacement of the authentic BYV L-Pro with proteinases derived from other members of the family Closteroviridae resulted in a dramatic decrease in invasiveness of the chimeric RNA transcripts. Moreover, these chimeric viruses completely lost the ability to move from cell to cell.
Subcellular localization of the GFP-leader proteinase fusion proteins. To determine if the closterovirus leader proteinases possess signals for targeting to specific cellular compartments, we employed Agrobacterium-mediated, transient expression of these proteins in the leaves of N. benthamiana. Each of the ORFs encoding BYV L-Pro, CTV L1 and L2, and LIYV P-Pro was fused in frame with the 3Ј terminus of the GFP ORF. An analogous GFP-GUS fusion was used as a control because neither of these reporter proteins possesses specific targeting signals. Furthermore, the molecular mass of GFP-GUS (ϳ95 kDa) is similar to that of GFP-L-Pro (ϳ93 kDa) and other tested fusion products. Figure 3 shows that the green fluorescence of GFP-GUS was uniformly distributed in the cytosol, although a fraction of the product in some cells was localized to nuclei (not shown). A similar pattern of subcellular localization was observed for the CTV L1 and L2 fusion products, whereas GFP-L-Pro formed distinct cytoplasmic inclusion bodies (Fig. 3) . In contrast, very little of the GFP-P-Pro was detected in the cytosol; most of the fluorescence was confined to the nuclei (Fig. 3) . Phylogenetic analysis of the closterovirus papain-like proteinases. We examined the evolutionary relationships of the leader proteinases from BYV, CTV, LIYV, and two additional members of the family Closteroviridae, Grapevine leafroll-associated virus 2 (GLRaV-2) (43) and Little cherry virus (17) . The multiple alignment of corresponding amino acid sequences clearly revealed the conserved C-terminal domain that possessed signature motifs common to the viral papain-like proteinases (Fig. 4) . In contrast, extensive comparisons of the N-terminal, nonproteolytic domains revealed no amino acid motifs common to all included leader proteinases. Only a limited conservation in the regions located upstream from the proteinase domains was observed in subsets of leader proteinases (e.g., CTV L1 and L2; data not shown).
The phylogenetic trees of the papain-like domains based on the neighbor-joining algorithm (Fig. 5) and maximum-likelihood algorithm (not shown) were very similar. The proteinase of LIYV was selected as an outgroup in accordance with the distinct genome organization and sequence relationships of the LIYV replicational proteins (19) . Notably, specific affinities between the L1 and L2 proteinase domains in both CTV and GLRaV-2 were observed. These pairs of proteinases appear to be more closely related to each other than to homologs present in other family members. This tree topology suggests intragenomic duplication as a likely scenario for the origin of the tandem genes encoding L1 and L2 of CTV and GLRaV-2.
DISCUSSION
The leader proteinases of the positive-strand RNA viruses from the families Potyviridae and Closteroviridae have similar plans of organization: they possess a variable N-terminal domain and a conserved C-terminal papain-like domain. In addition to being involved in polyprotein processing, these proteinases were implicated in efficient genome amplification (21, 22, 32, 33) , and it has been suggested that they have similar functional profiles (12) . To test this possibility, we replaced the L-Pro of BYV, a closterovirus, with HC-Pro of TEV, a potyvirus. Although the chimeric polyprotein was efficiently processed, the hybrid BYV was nonviable, suggesting that the functions of L-Pro and HC-Pro in genome amplification are mechanistically different. It was proposed recently that the HC-Pro role in genome amplification is mediated by the suppression of RNA silencing (6) . The BYV L-Pro, however, lacks detectable silencing suppression activity (J. Reed, K. D. Kasschau, J. C. Carrington, and V. V. Dolja, unpublished data).
We further asked whether the functional specialization of L-Pro and HC-Pro is provided solely by their unrelated Nterminal domains. A chimeric protein in which the N-terminal domain of the BYV L-Pro was fused to the papain-like domain of the TEV HC-Pro failed to support genome amplification of BYV, suggesting that, despite their homology, the papain-like domains of the closteroviruses and potyviruses are functionally distinct. It should be noted that functional differences between L-Pro and HC-Pro cannot be attributed to differences in the host ranges of BYV and TEV since these viruses readily infect N. benthamiana and have several other common hosts. We can also exclude the possibility that the expression of the TEV proteinase domain or insertion of the corresponding RNA exerted an inhibitory effect on BYV amplification. Indeed, this domain was expressed from several locations within the BYV genome without affecting the viability of the resulting hybrid variants (16) .
To examine functional specialization of the closterovirus leader proteinases, we replaced BYV genes with the corresponding genes of CTV and LIYV, which belong to two distinct evolutionary lineages within the family Closteroviridae. Among these viruses, BYV and LIYV possess only one leader proteinase, whereas CTV possesses two, L1 and L2. Phylogenetic analysis of the proteinase domains (Fig. 5) suggested that the corresponding gene tandem in CTV evolved via a duplication event. It was not, however, known if L1 and L2 are functionally distinct and, if so, which of them is more similar to the leader proteinases of BYV and LIYV. The ability of the CTV L1 and LIYV P-Pro to substitute for the BYV L-Pro in genome amplification indicated that these three leader proteinases belong to the same functional class. In contrast, failure of the CTV L2 to support amplification of the chimeric genome suggested that L2 function had diverged from that of L1, LPro, and P-Pro. This assumption was further confirmed by a phenotype of the BYV chimera that expressed both L1 and L2. This chimera amplified almost twice as efficiently as the original BYV, suggesting the synergistic mode of action for L1 and L2, and providing a remarkable example of a hybrid virus that outperformed its parent.
The transient-expression experiments revealed distinct patterns of subcellular localization of the leader proteinases fused with the GFP reporter. Most of the CTV L1 and L2 proteinases were uniformly distributed in the cytoplasm and nucleus, whereas the LIYV P-Pro almost exclusively localized to nuclei. In contrast, the BYV L-Pro was observed predominantly in cytoplasmic inclusion bodies. The possibility that the localization of the leader proteinases in the context of the virusinfected cell might be different from that observed in the transient-expression experiments cannot be excluded. Nevertheless, our results suggest that the leader proteinases of CTV, BYV, and LIYV possess distinct intrinsic signals for interaction with the cell environment and may function in different compartments of the infected cell.
Duplication and functional divergence of the leader proteinase genes are not unique to closteroviruses. A tandem arrangement of the leader proteinases is found among several animal viruses from the order Nidovirales (9, 38, 41, 44) . Although Closteroviridae and Nidovirales are phylogenetically dissimilar, they are the most complex positive-strand RNA viruses of plants and animals, respectively (26, 44) . Apparently independent duplication of the leader proteinases in these viruses may be interpreted as one of the means to facilitate evolution of the larger and more-complex genomes. In accord with this speculation, acquisition of the second leader proteinase gene in the ϳ20-kb CTV genome is accompanied by three additional genes that have no homologs in the otherwise closely related ϳ15-kb BYV genome.
The gene swapping experiments revealed an unexpected degree of functional specialization of the papain-like domains of the closterovirus proteinases. Each of these domains efficiently processed the chimeric polyprotein. However, the papain-like domains of the CTV L1 and L2 supported relatively low levels FIG. 5 . Dendrogram illustrating phylogenetic relations of the conserved, papain-like domains of closterovirus proteinases. The numbers indicate the results of the bootstrap analysis. The proteinase domain of the LIYV was used as an outgroup. Although the bootstrap value corresponding to the grouping of the CTV L1 and L2 is rather low, the affinity of these leader proteinases was further supported by the presence of conserved amino acid sequence motifs upstream from the proteinase domains (not shown). LChV, Little cherry virus.
of BYV genome amplification, whereas the corresponding domain of the LIYV P-Pro was completely nonfunctional (Fig. 2 and Table 2 ). Although the mechanistic basis for this specialization is unknown, it seems possible that the proper function of the leader proteinases requires structural compatibility between the N-terminal and C-terminal domains.
Perhaps the most important outcome of this work is a better understanding of the multifunctional nature of the closterovirus proteinases. In addition to the primary role in the autocatalytic processing, each of the studied four proteinases functions in activation of genome amplification. Because the L1, L1-L2, and P-Pro chimeras amplified to severalfold-higher levels in the N. benthamiana protoplasts than in N. tabacum protoplasts (Table 1) , this activation appears to work in a hostspecific manner. Furthermore, at least L-Pro is critical for the ability of BYV to establish infection in the initially inoculated cells (virus invasiveness) and to translocate from cell to cell (Table 3) .
The cell-to-cell movement of plant viruses proceeds through plasmodesmata and is activated by the movement proteins (27) . In BYV, as many as five proteins that are encoded by a conserved gene block were implicated in virus movement. These proteins include three dedicated movement proteins (p6, HSP70 h, and p64) and two capsid proteins (2, 34) . Since virion assembly is a prerequisite for BYV cell-to-cell movement (2), it was possible that the debilitated movement of the chimeric BYV-GFP variants was due to defective assembly. However, analysis of the chimeric virus progeny from the transfected protoplasts revealed normal virion assembly (data not shown). It should be noted that L-Pro by no means could be considered the movement protein since its primary functions are in proteolysis and virus genome amplification. Nevertheless, the fact that variant CTV-L1-L2 accumulates in N. benthamiana protoplasts almost twice as much RNA as the wild type (Table 2 ) yet does not move from cell to cell even in the leaves of N. benthamiana ( Table 3 ) clearly indicates that L-Pro plays an essential role in cell-to-cell movement. This role, albeit indirect, suggests the need for coordination between the processes of genome amplification and virus translocation. Intriguingly, the leader proteinase of Foot-and-mouth disease virus, an aphtovirus, was recently implicated in virus spread within infected animals (7) . Although the mechanisms of virus transport in plants and animals are different, this functional parallelism highlights the evolutionary plasticity of the viral papain-like proteinases that provide a structural platform for a variety of functions.
The mechanistic basis of the multifunctionality and specialization of the closterovirus leader proteinases is yet to be determined. These proteinases may act via cleavage of or via interaction with the particular viral or host target proteins. The host-dependent mode of activation of genome amplification and its role in virus invasiveness suggest that the intracellular targets of the closterovirus leader proteinases may include host factors. In conclusion, the gene swapping approach allowed us to reveal novel functions of the leader proteinases encoded in diverse representatives of the family Closteroviridae in genome amplification and virus invasiveness and spread. We also characterized the autonomous subcellular distribution and evolutionary relations of these leader proteinases and generated capable interviral hybrids. Further study of these hybrids will provide an insight into molecular mechanisms underlying multiple activities of leader proteinases and help to design moreefficient viral gene expression vectors.
